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Abstract : In this article, the microscopic theory of the temperature dependanoie of velocity of sound in superconducting heavy fermion system 
is reported. The Periodic Anderson Model Hamiltonian in presence of phonon interaction with the hybridisation between/-electron and conduction 
electrons as well as with the bare f-clectron is taken for calculation. BCS type Cooper pairing is taken into considcration.Tlie phonon Green's 
function is calculated exactly in closed form using the Green’s function technique of Zubarev in the limit of zero wave vector and finite temperature.
The variation of velocity with temperature is calculated numerically and studied fordiflereni model phonon parameters and clecironic parameters of 
the atomic subsystem.
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1. I n t r o d u c t io n
The u l t r a s o n ic  m e th o d s  a re  e x t r e m e ly  v a lu a b le  in 
e lucida ting  th e  e le c tro n -p h o n o n  c o u p lin g  m e c h a n ism , 
csjiecially in C e -b a se d  ra re  e a r th  an d  ( /-b a se d  a c tin id e  
com pounds [ 1], O n ly  lo n g itu d in a l e la s t ic  c o n s ta n ts  in the  
normal s ta te  e x h ib it  an  a n o m a lo u s  te m p e ra tu re  d ep e n d en ce  
in heavy fe rm io n s  (H F ). E x a m p le s  a re  C e C u 2S i2 [2 ], 
C cR ujS ij [3J, C e B e „  [4], U R ,  [5], U R u jS ij  [6 ] and  
others. S o m e  o f  th e  H F  lie  c lo s e r  to  th e  m ix e d -v a le n c e  
regime w ith  h ig h  f lu c tu a tio n  te m p e ra tu re s  T*. T h ey  e x h ib it 
an e lastic  c o n s ta n t m in im u m  fo r  te m p e ra tu re s  so m e  w h a t 
sm aller th a n  T *, w h e re a s  o th e rs  h a v in g  v e ry  lo w  T*  
exhibit an  e la s t ic  c o n s ta n t  in c re a s e  w ith  in c re a s in g  
tem perature [7 ],
Soon a f te r  th e  d is c o v e ry  o f  H F  su p e rc o n d u c tiv ity , 
ultrasonic a t te n u a tio n  d a ta  h a v e  re v e a le d  a  p o w e r  law  
dependence fo r  th e  a t te n u a tio n  c o e ff ic ie n t  fo r  T  < Tc [8J. 
In add ition , m a x im u m  o f  a tte n u a tio n  a ro u n d  Tc =  0 .5  K  
lor U R j is  o b se rv e d  [9 ,1 0 ]. T h e  lo n g itu d in a l  e la s tic  
constant C a  s h o w s  a  s te p  fu n c tio n  a t  th e  o n -se t  o f  th e  
superconductiv ity  a t  M o re o v e r , th e  u ltra so n ic
a tten u a tio n  m ax im a  o c c u r e x a c tly  at th e  m id  p o in t o f  th e  
c la s tic  c o n s tan t s tep  fo r  v a rio u s  f re q u e n c ie s , in d ic a tin g  
that th e  m a x im u m  o f  the  a tte n u a tio n  o c c u rs  a t T .  F u r th e r  
th e  fo rm  and  s ize  o f  th e  v e lo c ity  s tep  is in d e p e n d e n t o f  
freq u en cy  an d  d o c s  n o t sh o w  any  d isp e rs io n  b e lo w  2 (K) 
M H z. A b o v e  th is  fre q u e n c y  so m e  d isp e rs io n  is  n o tic e a b le  
[11], T h e  lo n g itu d in a l ela.stic c o n s ta n t o f  U R u 2S i2 e x h ib its  
a  s im ila r  s te p  like a n o m a ly  a t T,. ~  1 .07 K  o f  th e  o rd e r  
o f  dC /C o  ~ 10^  [ 12J.
In  o rd e r  to  ex p la in  the e la s tic  c o n s ta n t a n o m a ly  n e a r  
T*, T h a lm e ie r  h a s  c o n s id e r e d  G r i ln e is e n  p a r a m e te r  
co u p lin g  o f  so u n d  w a v e s  to  th e  c o n d u c tio n  b a n d s  to  
e x p la in  the e la s tic  c o n s ta n t a n o m a lie s  in th e  q u a s i-p a r tic le  
re g im e  in th e  n o rm a l s ta te  o f  H F  sy s te m s  [13 ]. O th e rs  
h av e  co n sid ered  th e  s tra in  d ep e n d e n c e  o f  th e  h y b rid isa tio n  
to  in v es tig a te  th e  lo w  te m p e ra tu re  n o rm al .state a n o m a ly  
in so u n d  v e lo c ity  o f  h ea v y  fe rm io n  sy s te m s  b y  u s in g  a  
m ean -fie ld  ap p ro ch  to  P e r io d ic  A n d e rso n  m o d e l [14 ]. 
R ecen tly , O jh a  e t a l [15] h av e  c o n s id e re d  th e  P e rio d ic  
A n d e rs o n  m o d e l a n d  th e  p h o n o n  c o u p l in g  to  th e  
h y b rid iza tio n  b e tw e en  th e  / - e le c tro n s  an d  th e  co n d u c tio n
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b a n d  a s  w ell as to  th e  / - e le c tro n  lev e ls  an d  e x p la in e d  the 
e x p e r im e n ta lly  o b se rv e d  u ltra so n ic  a tte n u a tio n  p eak  o f  
M iille r an d  c o w o rk e rs  [16] in the  n o rm al s ta te  o f  H F  in 
te rm s  o f  a re so n a n c e  p eak  in the  d e n s ity  o f  s ta te  ly in g  
a b o v e  the F erm i su rfa ce . R o u t et a l h av e  c o n s id e re d  th e  
sa m e  m ic ro sc o p ic  m o d e l in p re se n c e  o f  B C S  ty p e  C o o p e r  
p a ir in g  and  ca lc u la te d  th e  e le c tro n  re sp o n se  fu n c tio n  
a p p ro x im a te ly  a f te r  n e g le c tin g  th e  h ig h e r  o rd e r  G re e n ’s 
fu n c tio n s  by a s im p le  d e c o u p lin g  sc h e m e  in o rd e r  to  
s tu d y  the  v e lo c ity  o f  so u n d  [17] an d  R am an  sp e c tra  [18] 
o f  the  H F  su p e rc o n d u c to rs .
In the  p re se n t co m m u n ic a tio n , w e p re se n t a th e o re tic a l 
S tudy o f  th e  te m p e ra tu re  d e p e n d e n c e  o f  v e lo c ity  o f  so u n d  
in the h ea v y  fe rm io n  su p e rc o n d u c to rs . W e so lv e  th e  
m o d e l [1 5 ,1 7 ,1 8 ] fo r  p h o n o n  G re e n ’s fu n c tio n s  in c lo se d  
fo rm  by a p p ly in g  D y s o n ’s a p p ro x im a tio n  an d  c a lc u la te  
th e  e le c tro n  re sp o n se  fu n c tio n  e x a c tly  to  s tu d y  th e  lo w  
te m p e ra tu re  a n o m a ly  in th e  v e lo c ity  o f  so u n d .
2. F o r m a l i s m
T h e  sy s te m  is d e sc r ib e d  by  th e  H a m ilto n ia n
^  H -p  +  ( 1)
j^ .p  an d  a re  th e  H a m ilto n ia n s  re p re se n tin g  P e ­
r io d ic  A n d e rso n  m o d e l, e le c tro n -p h o n o n  in te ra c tio n  a n d  
free  p h o n o n  te rm .
(2)
H e r e ,  „  (c*  „) a n d  f i g  (fk.a) a r e  t h e  c r e a t i o n  
(a n n ih ila tio n )  o p e ra to rs  o f  d- a n d  / - e le c t ro n s ,  e * . eji V  
a n d  U  a re  th e  c o n d u c tio n  e le c tro n  en e rg y , p o s itio n  o f  f- 
le v e l, h y b r id is a t io n  a n d  C o u lo m b  in te ra c t io n  e n e rg y  
re sp ectiv e ly . T h e  o n s ite  C o u lo m b  in te rac tio n  te rm  n fg n f-g  
in  th e  H a m ilto n ia n  is  l in e a r iz e d  in  H a r tre e -F o c k  
a p p ro x im a tio n . T h is  s im p ly  g iv e s  to  a  H a m ilto n ia n  fo r  a  
c o lle c tio n  o f  n o n - in te ra c tin g  e le c tro n s  w ith  a  m o d ifie d  / -  
le v e l ,  E q - ( e f+ U n _ g ) . W e  a s s u m e  th e  B C S  ty p e  
C o o p e r  p a ir in g  o f  c o n d u c tio n  e le c tro n s . T h e  s u p e rc o n ­
d u c tin g  H a m ilto n ia n  is  w ritte n  a s
(3)
w h e re  d  is  th e  w a v e  v e c to r  in d e p e n d e n t su p e rc o n d u c tin g  
g ap . It is  d e f in e d  a s
(4)
(5)
w ith  Vo a s  th e  e f fe c tiv e  c o u lo m b  in te ra c tio n
+  / 2 )]pq  + b -q ) .
T h e  e le c tro n -p h o n o n  c o u p lin g  c o n s ta n t is  g iv e n  b y
dVf
w h e re  V , is  th e  F o u r ie r  t r a n s f o r m  o f  T he
in s ta n ta n e o u s  v o lu m e  s tra in  ( e , )  c a n  b e  e x p re s se d  in 
te rm s  o f  p h o n o n  c re a tio n  (a n n ih ila t io n )  o p e ra to rs  (b^) 
a t  th e  s ite  R, as
e , =  y ^ \ / p N ^ M ( o ^ ) i b ^  + h ! , ) e x p ( i ? . / f ,
H e re , M , No a n d  w , a re  th e  io n ic  m a ss , th e  n u m b e r  o f 
s ite s  a n d  th e  p h o n o n  d i.spersion  re sp e c tiv e ly . V, is  the 
h y b rid iz a tio n  a t  th e  i- th  s ite .
(6)
T h e  c o u p lin g s  f i ( q )  a n d  f i ( q )  a re  th e  p h o n o n  c o u p lin g  to 
h y b rid isa tio n  a n d  f-e le c tro n s  re sp e c tiv e ly . T h e  phonon  
c re a tio n  (a n n ih ila t io n )  o p e ra to rs  a re  (h ,)  w ith  phonon  
e n e rg y  O)^
3. Calculation of phonon green function
T h e  p h o n o n  G re e n ’s  fu n c tio n  is  d e f in e d  a s  :
- O  = «  A g (t) ,A g > it')»
=-i0(r-r')<k(O:A.-(r')]>. (7)
w h e re  A^ = b^ + b ^ a i t  th e  ^ - th  F o u r ie r  c o m p o n e n t o f 
th e  p h o n o n  d is p la c e m e n t.  T h e  e q u a tio n  o f  m o tio n  fo r  the 
F o u r ie r  tra n s fo rm e d  p h o n o n  G re e n ’s  fu n c tio n  D ^^ ico) 
e v a lu a te d  fo r  th e  s y s te m  b y  u s in g  th e  to ta l H a m ilto n ia n  
.s¥ 'g iven in  e q . (1 ) . T h e  p h o n o n  G re e n  fu n c tio n  Z),.,(<») is
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ev a lu a ted  b y  Z u b a r e v ’s  e q u a tio n s  o f  m o tio n  m e th o d  [19 ] T h e  G re e n ’s fu n c tio n s  r , { k , k ' 'q ,q " ( o ) ,  / =  3  to  6  a re
d e f in e d  in te rm s  o f  cir’s a n d  are  w rit te n  b e lo w  d ro p p in g  
th e  tu n c tio n a l p a ra m e te rs  k X 'q .q '  an d  a) fo r  s im p lic ity .
and is g iv e n  b y
=  (fi>, l7 t) \o ^  - 0)^ - A n ( o ^ x { fo ,q ^ ' , 
w here th e  p h o n o n  s e l f  e n e rg y  E ,(< y ) is  g iv e n  by
2 , ( iu )  =  ^ n o )^ X q < ,ito ) .
(8)
(9 )
The e le c tro n  re s p o n se  fu n c tio n  Xqqio><q) in  th e  p h o n o n  
se lf  e n e rg y  in v o lv e s  o th e r  h ig h e r  o rd e r  G re e n  fu n c tio n s  
rf,k,q,(d) w ith  / =  3  to  6 . T h e  re s p o n se  fu n c tio n  is  g iv e n  
by
r,
‘ 4
(1 7 )
(1 8 )
+ M q ) f 2 m r 4  + r s )  + f i ( q m .  ( 10) I \ ^ = ( ( a ‘ -,(p‘' + p ” ) ) ^
T he h ig h e r  o rd e r  G re e n 's  fu n c tio n s  in v o lv e d  in  e q . (1 0 ) 
arc d e f in e d  a s
r i ( k ,q , ( 0) = r ^ i k , k ' , q , q ' , ( 0)
( ! ' )
r ^ ( k ,q ,o ) )  = \  , r ^ { k , k ' , q ,q \ o ) )dmmdk <J
" E . V  < ' V + r / ) ,  ( 12)
= rs(k,k',ti.g'.o)), (13)
T f,{k ,q ,(0) = y  , r ( , i k , k ' , q ,q ' , ( 0) . (14)
The G re e n ’s  f u n c t io n s  / 7 s are  w r i t te n  in  te rm s  o f  
conduction  e le c tro n  o p e  ra to r s  a n d  f -e le c tro n  o p e ra to rs . 
T hese o p e ra to rs  a re  w r it te n  in  a b b re v ia te d  fo rm  as
(1 9 )
. a *  =  .
. a** =  . (15)
T w o  d if fe re n t  ty p e s  o f  e le c tro n  p h o n o n  in te r a c t io n s  
a c c o u n te d  fo r  in th e  H a m ilto n ia n  e q n . (1 )  a rc  : ( i)  th e  
c o u p lin g  o f  th e  p h o n o n s  to  h y b r id iz a tio n  a n d  ( ii)  th e  
p h o n o n  c o u p lin g  to  th e  / - e le c t ro n  d e n s ity . H e n c e  th e  
e le c tro n  re sp o n se  fu n c tio n s  a p p e a r in g  in  th e  p h o n o n  s e l f  
e n e rg y  ca lc u la tio n  re q u ire  th e  e v a lu a tio n  o f  th e  tw o  
p a r tic le  G re e n ’s fu n c tio n s  in v o lv in g  th e  h y b r id iz a tio n  
d e n s it ie s  the  / - e le c t ro n  d e n s i t ie s  a n d  th e  c ro s s  
d e n s ity  G re e n ’s fu n c tio n s  ( / J  a n d  71). 77, ( /  =  3 to  6 ) 
a rc  c o u p le d  to  h ig h e r  o rd e r  n o rm a l s ta te  G re e n ’s fu n c tio n s  
(77 an d  71). H o w e v er, d u e  to  th e  p re s e n c e  o f  th e  C o o p e r  
p a ir in g  te rm  yif, th e  e q u a tio n s  o f  m o tio n  w ill in v o lv e  
o th e r  16 G re e n ’s fu n c tio n s  17 a n d  Z„ / =  1 to  8 w ith  
C o o p e r  p a ir  o p e ra to rs . In th e  p re s e n t  c a lc u la t io n  th e  
h ig h e r  o rd e r  su p e rc o n d u c tin g  G re e n ’s fu n c tio n s  Y, a n d  Z, 
a re  so lv e d  e x a c tly  fa c il i ta t in g  to  h a v e  T l ’s in  c lo s e d  
fo rm . T o  s im p lify  th e  p ro b le m , w e  h a v e  c o n s id e re d  th e  
c a lc u la tio n s  in  th e  lim it o f  lo n g  w a v e  le n g th  o f  p h o n o n s  
(q  =  0 )  a n d  f in ite  te m p e ra tu re .  U n d e r  th e se  c o n d it io n s  
th e  v e lo c ity  o f  s o u n d  in  th e  h e a v y  fe rm io n  s u p e r ­
c o n d u c to r s  is  c a lc u la t e d  b y  e q u a t i n g  to  z e r o  th e  
d e n o m in a to r  o f  th e  p h o n o n  G re e n ’s fu n c tio n  g iv e n  in  e q .
(8 ). In  o th e r  w o rd s ,
(1 6 )
c o ^ - O i l -4m i)o X (< o ,q ) = 0 . (20)
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In  th e  lo n g  w a v e le n g th  lim it, th e  re n o rm a liz e d  so u n d  
v e lo c i ty  ( u )  a n d  th e  b a c k g ro u n d  v e lo c i ty  (t^j) a re ,  
rc p e c tiv e ly , g iv e n  by (o = iX) a n d  ajh =  W ). U s in g  th e se  
re la t io n s , th e  te m p e ra tu re  d e p e n d e n t re d u c e d  v e lo c ity  o f  
so u n d  u = u / i » o  is g iv en  by
o  =  OoU +  8g / J 1/2
f w n
/ =  d e ,  ( } { € , ) ,
J-WI2
(21)
(22)
w h e re  is  a  c o m p l ic a te d  fu n c t io n  o f  p h o n o n
fre q u e n c y  (o an d  th e  m o d e l p a ra m e te r s  o f  th e  a to m ic  
su b -sy s te m  o f  th e  h ea v y  fe rm io n  s u p e rc o n d u c to rs .  T h e  
e x a c t fo rm  o f  ( J (e * )  is  n o t g iv e n  h e re .
T h e  p a ra m e te r s  in v o lv e d  in  th e  c a lc u la t io n  c a n  b e  
s c a le d  b y  o n e  o f  th e  su ita b le  e n e rg ie s  a s s o c ia te d  w ith  th e  
h e a v y  fe rm io n  sy s te m s , e.g. th e  S C  tra n s it io n  te m p e ra tu re  
Tf ~  1 K, D e b y e  f re q u e n c y  cOn ~ 2 0 0  K  a n d  th e  
c o n d u c tio n  b a n d  w id th  IV ~ 1 eV . T o  u n d e rs ta n d  th e  
in f lu e n c e  o f  th e s e  p h y s ic a l  q u a n ti t ie s  o n  th e  p h o n o n  
freq u en c y , th e  p a ra m e te r s  a re  s c a le d  b y  D e b y e  f re q u e n c y  
O)o w h ic h  in  tu rn ,  r e d u c e d  th e  c o m p u ta t io n a l  l im e  
c o n s id e ra b ly . A n o th e r  c o n s e q u e n c e  o f  s c a lin g  w ith  D e b y e  
fre q u e n c y  is th a t  th e  v a r ia t io n  o f  a ll th e  p a ra m e te r s  a re  
sm a ll b e in g  in  th e  m e V  ra n g e  w h ic h  ju s t i f ie s  th e  m e a n  
f ie ld  t re a tm e n t o f  th e  C o u lo m b  in te ra c tio n  ( t / ) .  T h e  
d im e n s io n le s s  p a ra m e te r s  a re
N ( m m
^  tOn / , ( 0 ) 0)r
v  =
(O r
U k TM =  » f =  - -
(O r (O r
T h e  d im e n s io n le s s  p a ra m e te r s  in v o lv e d  in  n u m e r ic a l  
c a lc u la tio n s  a re  th e  p h o n o n  c o u p lin g  s tre n g th  (g), th e  
ra tio  ( r )  b e tw e e n  th e  p h o n o n  c o u p lin g  to  h y b rid is a tio n  
a n d  th e  / - l e v e l ,  th e  p o s it io n  o f  th e  b a re  / - l e v e l  ((f), 
h y b r id is a tio n  (V), C o u lo m b  in te ra c tio n  ( m).
4. Results and discussion
T h e  v e lo c ity  o f  s o u n d  o f  th e  H F  su p e rc o n d u c to rs  is 
e v a lu a te d  n u m e r ic a lly  u n d e r  h a lf - f i l l in g  b a n d  s itu a tio n  in 
th e  l im i t  o f  z e r o  p h o n o n  w a v e  v e c to r  a n d  f in i te  
te m p e ra tu re ,  l l i e  F e rm i le v e l is  ta k e n  a t  th e  m id d le  o f
th e  b a n d  w ith  e f  =  0 . T h e  te m p e ra tu re  v a r ia t io n  o f  the 
re la t iv e  v e lo c ity  o f  s o u n d  o f  th e  h e a v y  fe rm io n  system s 
sh o w s  u n u su a lly  h ig h  a n o m a ly  in  su p e rc o n d u c tin g  phase 
fo r  c e rta in  p h y s ic a l p a ra m e te rs . T h e se  re su lts  a re  d iscussed  
b e lo w .
T h e  te m p e ra tu re  d e p e n d e n c e  o f  c h a n g e  J i / i b  is  show n 
in F ig u re  1 w ith  A v  -  v  -  w h e re  v  a n d  a re  the
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Figure 1. The variation of with t  for different values of o = O.tXXMO,
0.0035 and 0.00040 with fixed value.s of « = 0.05. r = 0.0. d = -0.99968. v = 
0.003.tt=landc = 0.0(KX)2.
re n o rm a liz e d  v e lo c ity  o f  so u n d  in  th e  su p e rco n d u c tin g  
(S C ) s ta te  a n d  th e  b a re  p h o n o n  v e lo c ity  re sp e c tiv e ly . The 
c h a n g e  in  v e lo c ity  is  v e ry  la rg e  a t lo w  te m p e ra tu re s . T h e  
S C  tra n s it io n  te m p e ra tu re  is  f ix e d  a t  f. =  0 .0 1  (=  1 K). 
w ith  D e b y e  e n e rg y  cOd =  2 0 0  K  in  o u r  m o d e l. I t  is not 
v is ib le  in  th e  v e lo c ity  p lo t. F o r  a  f ix e d  v a lu e  o f  phonon 
c o u p lin g  (g  =  0 .0 5 )  to  h y b r id iz a tio n , th e  v e lo c ity  of 
so u n d  d e c re a s e s  w ith  d e c re a s e  o f  p h o n o n  f re q u e n c y  (r). 
T h e  v e lo c ity  o f  so u n d  is  in d e p e n d e n t  o f  fre q u e n c y  and 
d o e s  n o t sh o w  a n y  d is p e rs io n  b e lo w  th e  fre q u e n c y  c = 
0 .0 0 0 3 . A b o v e  th is  f re q u e n c y , c h a n g e  in v e lo c ity  of 
so u n d  is o b s e rv e d  f o r  f re q u e n c y  h ig h e r  th a n  2 0 0  M H z as 
sh o w n  b y  e x p e r im e n ta l  d a ta  f o r  th e  s y s te m  U P ts  [ 11].
W h ile  c a lc u la t in g  th e  v e lo c ity  o f  s o u n d , w e  have 
u se d  th e  te m p e ra tu re  d e p e n d e n c e  o f  B C S  ty p e  S C  gap 
4 7 )  =  A {0) - ) j l ~ { T /T c f  w h e re  4 0 )  a n d  Tc a re  the 
su p e rc o n d u c tin g  g a p  a t  T  =  0  K  a n d  th e  transition  
te m p e ra tu re  re sp e c tiv e ly . T h e  te m p e ra tu re  d e p e n d e n c e  
v e lo c ity  ( v )  o f  s o u n d  is  s h o w n  in  F ig u re  2 . T h e  velocity 
o f  s o u n d  s h o w s  a  c le a r  d e c r e a s e  a t  th e  tran s itio n  
te m p e ra tu re  tc ^  0.01  s e p a ra t in g  th e  n o rm a l  p h a se  for 
te m p e ra tu re  t  > tc a n d  S C  p h a s e  f o r  t  < tc. T h e  velocity
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o f so u n d  r e m a in s  u n c h a n g e d  in  n o rm a l  p h a s e  a n d  
d ecreases to w a rd s  S C  p h a s e  a t  lo w  te m p e ra tu re .  T h e  s te p  
betw een n o rm a l p h a s e  a n d  S C  p h a s e  is  g ra d u a l a n d  v ery  
small w ith  A v lv b  - l O * .  T h e  e x p e r im e n ts  o n  v a r io u s  
heavy fe rm io n  s u p e rc o n d u c to rs  e s p e c ia l ly  in i / P t ,  an d  
[8 -1 0 ]  s h o w  th a t  th e  s te p  lik e  a n o m a ly  a t t,. is A vI  
0, -1 0 * '.  S im ila rly , a  s te p  lik e  a n o m a ly  in e la s t ic  c o n s ta n t 
o f  the o rd e r  o f  AC/Co  - 1 0 ^  is  o b s e rv e d  a t  r,. fo r  the  
heavy fe rm io n  s y s te m  U R u jS i j  [2 0 ].
T h e  v e lo c ity  o f  s o u n d  d e c re a s e s  th ro u g h o u t te m p e ­
rature ra n g e  w ith  th e  in c re a s e  o f  th e  e le c tro n  p h o n o n  
coupling  g  =  N (0 )fi(()y /a h  [se e  F ig u re  2 ]. H e re , th e
Figure 2. Tlic variation of v  with t for different values of g  = 0.03, 0.05 and 
0 07 with fixed values of r = 0.0, d  = -4).999795, v = 0.003, w = I. = 0.(K)(X)2 
and r = 0.00028.
electron p h o n o n  c o u p lin g  is  v a r ie d  f ro m  g  =  0.03 to
0.07. Av/V(i is o f  th e  o rd e r  o f  10  ^ f o r  g  =  0.5 a n d  -10^’ 
Tor still h ig h e r  v a lu e  o f  g  =  5 (n o t sh o w n  in F ig u re  2). 
But the e le c tro n  p h o n o n  c o u p lin g  to  p ro d u c e  th e  v e lo c ity  
change - IC H  is  v e ry  h ig h  c o m p a r e d  to  a  th e o re tic a l 
estim ation o f  g  ^  0.5 g iv e n  b y  FQ Ide e t a l  [21] fo r  th e  
HF system  C e C u 2S i2, In  th e  e a r l ie r  th e o re tic a l  p a p e r  th e  
electron p h o n o n  c o u p lin g  p a r a m e te r  is  e s t im a te d  to  b e  g  
= 0.025 to  e x p la in  th e  h y b r id iz a tio n  g a p  a p p e a r in g  in 
velocity o f  so u n d  [2 2 ] a n d  th e  u l t ra s o n ic  a tte n u a tio n  
peak [15].
T he te m p e ra tu re  d e p e n d e n c e  o f  v e lo c ity  o f  s o u n d  is 
studied fo r  d if fe re n t  p h o n o n  c o u p lin g  to  / - e le c t r o n s  [see  
R gure  3], T h e  p a r a m e te r  r  =  / 2(0 ) / / i (0 ) is  th e  ra tio  
^ tw e e n  p h o n o n  c o u p l in g  to  / -  e le c t ro n s  a n d  th e  p h o n o n  
coupling to  th e  h y b r id iz a tio n .  T h is  in d ic a te s  th a t  th e  
increase o f  r  m e a n s  th e  in c re a s e  o f  p h o n o n  c o u p lin g  to
\ : e  = 0.00002 and r = 0.(KK)28.
y ^ jle c tro n s . W h e n  th e  c o u p lin g  / ( O )  in c re a s e s  th e  v e lo c ity  
o f  so u n d  in c re a se s  (F ig u re  3 ), w h e re  a s  th e  in c re a s e  o f  
p h o n o n  c o u p lin g  to  h y b r id iz a tio n  /  (0 ) d e c re a s e s  th e  
v e lo c ity  o f  so u n d  (F ig u re  2 ). T h is  o p p o s i te  e f fe c t  a r is e s  
d u e  to  th e  lo c a liz e d  n a tu re  o f  th e  y -e le c tro n s . W h e n  r  ~  
0.01 o r  less , th e re  is n o  c h a n g e  in v e lo c ity  o f  so u n d . 
T h is  in d ic a te s  th a t th e  p h o n o n  c o u p lin g  to  / - e le c t r o n  is 
o f  th e  o rd e r  o f  l(h^  to  th a t  o f  p h o n o n  c o u p lin g  to  
h y b rid iz a tio n .
T h e  p o s itio n  o f  / - l e v e l  p la y s  a  c ru c ia l ro le  to  e x p la in  
th e  p ro p e r tie s  o f  th e  s u p e rc o n d u c to rs .  T h e  e f fe c tiv e  / -  
lev e l is rfi =  d  -f M in th e  H a r tre e -F o c k  a p p ro x im a tio n  o f  
C o u lo m b  c o r re la tio n . T h e  f -  lev e l is  m e a s u re d  f ro m  th e  
F erm i leve l € f =  0 . T h e  e f fe c t o f  th e  p o s it io n  o f  th e  / -  
lev e l on  th e  te m p e ra tu re  d e p e n d e n c e  o f  th e  v e lo c i ty  o f  
so u n d  is sh o w n  in F ig u re  4 . A s  th e  / - l e v e l  a p p ro a c h e s
Figure 4. The variation of 0  with / for different values o f  d  ^  
-0.999790, -0.999795 and -0.999800 with fixed values of g * 0.05, r 
~ 0.0, V s  0.003, » 1, e » 0.00002 and c  ^  0.00028.
794 M S Ojha, G C Rout and S N Behera
th e  F e rm i le v e l f ro m  d  = -  0 .9 9 9 8 0 0  to  -  0 .9 9 9 7 9 0 , th e  
e f fe c tiv e  / - le v e l  m o v e s  fro m  d\ 0 .00 0 2 0 0  to  0 .000210  
a w a y  f r o m  th e  e f  in  u p w a r d  d i r e c t io n .  S o  th e  
h y b rid iz a tio n  b e tw e e n  th e  / -  an d  c o n d u c tio n  e le c tro n s  
d e c re a se s  g ra d u a lly . S in c e  th e  p h o n o n  is  c o u p le d  to  th e  
h y b rid iz a tio n , th e  p h o n o n  c o u p lin g  s tre n g th  (g ) d e c re a se s ,  
a s  th e  / - le v e l  m o v es  aw ay . A s a  re su lt , th e  v e lo c ity  o f  
so u n d  d e c re a se s  as  th e  / - le v e l  a p p ro a c h e s  th e  F e rm i 
lev e l. T h is  d e c re a se  in th e  v e lo c ity  o f  so u n d  d u e  to  th e  
c o r re sp o n d in g  sh if t  o f  th e  / - l e v e l  p o s itio n  is  sh o w n  in 
F ig u re  4 . S in c e  th e  m a g n itu d e  o f  v e lo c ity  o f  so u n d  is 
in tim a te ly  re la te d  to  th e  p o s it io n  o f  th e  / - l e v e l  a n d  h e n c e  
th e  e le c tro n -c o u p lin g  (g ) , th en  th e  s tre n g th  o f  th e  c o u p lin g
(g ) ca n  n o t b e  u n iq u e  fo r  th e  H F  s u p e rc o n d u c to rs  in 
g e n e ra l.
T h e  p ro x im ity  o f  th e  p o s it io n  o f  / - l e v e l  to  th e  F e rm i 
le v e l a s  w e ll a s  to  th e  c o n d u c tio n  b a n d  in c re a se s  th e  
s tre n g th  o f  th e  h y b r id iz a tio n  (V ) b e tw e e n  th e  f-  a n d  
c o n d u c tio n  b a n d s . S in c e  th e  p h o n o n  is  c o u p le d  to  th e  
h y b rid iz a tio n , th e  e le c tro n -p h o n o n  c o u p lin g  (g)  in c re a se s . 
W e k n o w  th a t th e  in c re a se  o f  th e  e le c tro n -p h o n o n  c o u p lin g  
re d u c e s  th e  p h o n o n  fre q u e n c y  a n d  v e lo c ity  o f  so u n d  a s  
w e ll. H e n c e , th e  in c re a s e  o f  th e  h y b r id iz a tio n  s tre n g th  
d e c re a s e s  th e  v e lo c i ty  o f  s o u n d . T h e  e f fe c t  o f  th e  
h y b r id iz a tio n  o n  v e lo c ity  o f  so u n d  is  sh o w n  in  F ig u re  5 .
0.9999999
0.9999998
0.9999997,
0.0150.005 0.01
reduced temperature
Figure 5* The variation of 0  with t  for different values of v s  0.025, 
0.03 and 0.035 with fixed values of g =0.05, r = 0.0, d  = -0.999795, 
V « 0.003, w = 1, e » 0.00002 and c = 0.00028.
5. Conclusions
We have considered the Periodic Anderson Model in 
presence of the electron-phonon interaction and the BCS 
type superconductivity. The phonon Green’s function is 
calculated in closed form using exact calculations of the
p h o n o n  s e l f  e n e rg y  in  lo n g  w a v e le n g th  l im it o f  p honons. 
T h e  fre q u e n c y  d e p e n d e n c e  o f  v e lo c ity  s te p  fu n c tio n  at /  
f ro m  e x p e r im e n ta l  d a ta  o f  U P ta h e lp s  in  f ix in g  the 
e le c tro n -p h o n o n  c o u p lin g  g  »  0 .0 5 . A g a in  th e  experim en ta l 
d a ta  o n  th e  c h a n g e  in v e lo c ity  o f  so u n d  zltVOo -If)-* 
o b s e rv e d  fo r  H F  s y s te m  U B e ^  [8- 10] a n d  c h a n g e  in 
c la s tic  c o n s ta n t  ACICo «  10“* fo r  U R u iS iz  [20], dem ands 
an  e le c tro n -p h o n o n  c o u p lin g  o f  g  =  5 . T h is  is  fo u n d  to 
b e  m u c h  h ig h e r  th a n  th e  th e o re tic a l  e s t im a tio n  o f  g  =  0.5 
fo r  C eC u aS i2 [22]. T h e  c o n s tra in ts  in f ix in g  th e  streng th  
o f  th e  e le c tro n -p h o n o n  c o u p lin g  is  d u e  to  th e  re la tive 
p o s it io n  o f  th e  / - l e v e l  w ith  re s p e c t  to  th e  F e rm i leve l as 
w e ll a s  d u e  to  th e  s t re n g th  o f  th e  h y b r id iz a tio n . In an 
e a r l ie r  th e o re tic a l  e s t im a tio n , th e  e le c tro n -p h o n o n  coup ling  
is  e s t im a te d  to  b e  g  «  0 .0 2 5  in  o rd e r  to  e x p la in  the 
h y b rid iz a tio n  g a p  a p p e a r in g  in  th e  v e lo c ity  o f  so u n d  [221 
a n d  M ii lle r  ty p e  u ltra so n ic  a t te u a tio n  p e a k  [1 5 ] fo r  the 
h e a v y  fe rm io n  sy s te m  in  n o rm a l s ta te . F o r  s im p lic ity  of 
c o m p u ta tio n , w e  h a v e  u se d  a  B C S  ty p e  tem pera tu re  
v a r ia t io n  o f  th e  S C  g a p . H o w e v e r , w e  b e lie v e  that a 
re a lis t ic  te m p e ra tu re  d e p e n d e n c e  o f  th e  S C  g a p  fo r the 
H F  s u p e rc o n d u c to r  w ill  im p ro v e  o u r  p re s e n t  re su lts .
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